Background-Inflammation is important in atherogenesis. Interleukin (IL)-1 is the prototypic inflammatory cytokine. We hypothesized a dysbalance between inflammatory and anti-inflammatory mediators in the IL-1 family in coronary artery disease (CAD) and a possible modulation of these mediators by HMG-CoA inhibitors (statins). Methods and Results-In a microarray screening experiment examining peripheral blood mononuclear cells (PBMCs) from 6 CAD patients and 4 healthy control subjects, IL-1␤ was identified as 1 of 25 genes whose expression were upregulated in CAD and downregulated by statins. In the following, we studied the role of IL-1␤ and related mediators in CAD. Our major findings were as follows. (1) Although mRNA levels of IL-1␣ and IL-1␤ were markedly reduced in PBMCs from CAD patients after 6 months of simvastatin (20 mg/d, nϭ15) and atorvastatin (80 mg/d, nϭ15) therapy, the reduction in IL-1 receptor antagonist (IL-1Ra) was more modest. Statins also reduced the spontaneous release of IL-1␤ and IL-1Ra from PBMCs in CAD patients. (2) mRNA levels of IL-1␣, IL-1␤, and IL-1Ra were increased in PBMCs from patients with stable (nϭ20) and unstable (nϭ20) angina compared with healthy control subjects (nϭ15). Although the unstable patients had particularly high levels of IL-1␤ and IL-1␣, IL-1Ra was not correspondingly increased. (3) IL-1␤ induced release of proatherogenic cytokines from PBMCs, whereas atorvastatin partly abolished this effect. Conclusions-Our findings suggest that cytokines in the IL-1 family may represent therapeutic targets in CAD. The ability of statins to modulate these cytokines in an anti-inflammatory direction underscores their immunomodulatory potential.
A therosclerosis has elements of both lipid deposition and inflammation. Thus, although hypercholesterolemia is an established risk factor for atherosclerosis and coronary artery disease (CAD), these patients also have raised plasma levels of inflammatory cytokines, enhanced activation of circulating leukocytes, and extensive infiltration of bloodderived leukocytes into atherosclerotic plaques, indicating an important pathogenic role of inflammation in atherogenesis. 1 Interleukin (IL)-1 is the prototypically inflammatory cytokine produced by several cell types in response to various stimuli, being a critical early mediator of inflammation. 2 The naturally occurring antagonist IL-1 receptor antagonist (IL1Ra) is also released during inflammation and may limit the potentially deleterious effects of IL-1. Thus, the IL-1/IL-1Ra balance may determine the severity of both acute and chronic inflammation, and the relative absence of IL-1Ra is suggested to play a role in the pathogenesis of some inflammatory disorders. 2 With relevance to CAD, studies in hypercholesterolemic mice suggest that lack of IL-1␤ or overexpression of IL-1Ra can partly protect against atherosclerosis. 3, 4 However, the role of the IL-1 in human atherosclerotic disease is far from clear.
Clinical trials with HMG-CoA reductase inhibitors (statins) have demonstrated an improved prognosis for CAD. 5 This effect has been attributed to their lipid-lowering properties, but recent studies suggest that immunomodulatory effects of statins also may be beneficial in CAD. 5 However, our knowledge of the effects of statins on the cytokine levels in humans is thus far limited.
During recent years, the role of inflammatory cytokines in CAD and acute coronary syndromes (ACS) has been illuminated through numerous studies. Several mediators are iden-tified, but their relative importance in atherogenesis is still unknown. In the present study, we used DNA microarrays to identify genes in peripheral blood mononuclear cells (PBMCs) that were (1) upregulated in angina patients and (2) downregulated by statin therapy. These screening experiments identified IL-1 as a potentially important mediator of atherogenesis, the expression of which could be modulated by statins.
Methods

Patients and Control Subjects
The design of the statin study was described previously. 6 Thirty patients with previous myocardial infarction and without statin medication were included and randomized to simvastatin 20 mg/d (nϭ15) or atorvastatin 80 mg/d (nϭ15) in an open study (Table 1) . Venous blood was collected at baseline and after 6 months of therapy. As expected, statins reduced the plasma levels of total cholesterol, LDL cholesterol, and triglycerides after 6 months of therapy, with a tendency toward a greater lipid-lowering effect in the atorvastatin group (Table 1 ). In the cross-sectional study, 20 patients with unstable angina (defined as ischemic chest pain at rest within the preceding 48 hours, transient ST-T-segment depression, and/or T-wave inversion but with no evidence of myocardial necrosis by enzymatic criteria) and 20 patients with stable angina (defined as effort angina Ͼ3 months and a positive exercise test) were included. The diagnosis of CAD was confirmed by coronary angiography. 7 Except for more smokers and lower HDL cholesterol levels in the unstable patients, the demographical and clinical characteristics were comparable in the 2 groups (Table 2) .
Exclusion criteria in both patient studies were myocardial infarction or thrombolytic treatment within the previous 6 weeks, severe concomitant disease (eg, infections, connective tissue disease, or malignancies), congestive heart failure, and the use of medications other than aspirin with known anti-inflammatory effects. Control subjects (controls) were 15 healthy volunteers recruited from the same population and comparable to the patients with regard to age (59.5Ϯ5 years), sex (5 women, 10 men), and smoking habits (6 smokers). The regional ethical committee approved the study. All individuals gave their written (statin study) or oral (cross-sectional study) informed consent.
Isolation of Cells
PBMCs were obtained from heparinized blood by Isopaque-Ficoll (Lymphoprep, Nycomed) gradient centrifugation. 7 Cells were immediately cryopreserved 8 or stored in liquid nitrogen as pellets. Freshly isolated PBMCs from healthy blood donors were used in some of the in vitro experiment.
Cell Culture Experiments
Thawed cryopreserved 8 . Cell pellets and cell-free supernatants were harvested after 6 and 20 hours, respectively. Comparisons of data were made only between experiments performed with the same cell concentrations and in the same plate format. In some experiments, cells were stimulated with IL-1␤ (R&D Systems), with or without preincubation with atorvastatin or its metabolite ortho-hydroxy atorvastatin (gifts from Pfizer) and/or mevalonate (Sigma) for 1 hour before addition of IL-1␤. The endotoxin level in the atorvastatin and ortho-hydroxy atorvastatin was Ͻ10 pg/mL (Limulus Amebocyte Lysate Assay; Bio-Whittaker). 
cDNA Microarray
Total RNA was isolated from frozen PBMC pellets with an RNeasy Minikit (Qiagen), quantified spectrophotometrically, and stored at Ϫ80°C. The Human Genome Focus Array encoding 8500 genes was purchased from Affymetrix, and hybridization was performed according to the manufacturer's instructions. Briefly, cDNA was synthesized from 5 g total RNA. Biotin-labeled cRNA was obtained from in vitro transcription of cDNA and fragmented before hybridization to the array. A cluster analysis was performed using the Self-Organizing Map (Data Mining Tool 3.0, Affymetrix)
Ribonuclease Protection Assay
Total RNA was isolated from frozen PBMC pellets as described above. A ribonuclease protection assay (RPA) was performed with the hCK2 multiprobe from Pharmingen. 9
Real-Time Quantitative RT-PCR
Quantitative Taqman or Sybrgreen real-time reverse transcriptionpolymerase chain reaction (RT-PCR) was performed by use of the ABI Prism 7700 (Applied Biosystems). 10 The primers and probes were designed with the Primer Express Software, version 1.5 (Applied Biosystems); tumor necrosis factor (TNF)-␣, TRAIL (TNF-related apoptosis inducing ligand), FasL, CD40L, and LIGHT were as previously described 10 ; IL-1-converting enzyme (ICE) (forward primer [fp], 5Ј-AAATTTTCGGCAAGGTTCGA-3Ј; reverse primer [rp], 5Ј-AAACATCTTGTCAAAGTCACTCTTTCA-3Ј); and IL-18 (fp, 5Ј-GGCCTCTATTTGAAGATATGACTGATT-Ј, rp, 5Ј-CCATACCTCTAGGCTGGCTATCTTT-3Ј). The housekeeping gene ␤-actin (Applied Biosystems) was used for normalization.
Enzyme Immunoassays
Protein levels of IL-1␤, IL-1Ra, soluble IL-1 receptor type I (IL-1sRI) and type II (IL-1sRII), ICE, TNF-␣, and LIGHT were determined by enzyme immunoassays (R&D Systems). 
Statistical Analyses
Results
Microarray Experiments
To screen for inflammatory related genes in PBMCs that were upregulated in CAD patients and downregulated by statins, we used oligonucleotide microarrays encoding 8500 human genes to analyze the gene expression profiles in PBMCs isolated from 4 healthy controls and 6 randomly selected patients from the atorvastatin group of the statin study before and after 6 months of therapy. Except for slightly lower HDL levels, the baseline lipid levels and the lipid-lowering response to atorvastatin in these patients were comparable to those in the total study population. The clustering analysis identified 25 genes to be upregulated at least 2-fold in the CAD patients at baseline compared with healthy controls and downregulated by at least 50% after atorvastatin therapy. IL-1␤ was identified as 1 of these 25 genes, being markedly upregulated in 5 of 6 CAD patients (4-to 19-fold increase), reaching levels comparable to healthy controls after therapy.
Effects of Statins on the IL-1 System in PBMCs From CAD Patients
To examine the role of IL-1 in CAD further, we examined the gene expression of IL-1␣, IL-1␤, and their endogenous inhibitor IL-1Ra by RPA, and that of IL-18, another proatherogenic member of the IL-1 family, 11 by quantitative RT-PCR, in all 30 patients in the statin study. Several significant findings were revealed (Figure 1) . First, as exemplified in Figure 1A , the CAD patients had markedly increased gene expression of IL-1␣ and IL-1␤ (PϽ0.001) and slightly elevated expression of IL-1Ra (Pϭ0.1) compared with healthy controls. Second, the mRNA levels of IL-1␣ and IL-1␤ decreased significantly after 6 months of both atorvastatin and simvastatin therapy, with a particularly marked effect of atorvastatin on IL-1␤. Third, the gene expression of IL-1Ra was also downregulated after statin therapy, although less pronounced than IL-1, shifting the IL-1/IL-1Ra balance in an anti-inflammatory direction. Finally, no effect of statins was found on the gene expression of IL-18 (not shown).
To examine whether the modulatory effects of statin therapy also were present at the protein level, we analyzed the spontaneous release of IL-1␤ and IL-1Ra from cryopreserved PBMCs isolated before and after 6 months of atorvastatin therapy. Although the secretion of IL-1␤ was markedly reduced, the decrease in IL-1Ra levels was more modest, resulting in a marked reduction in the IL-1␤/IL-1Ra ratio after statin therapy (Figure 2) .
Pro-IL-1␤ requires proteolytic cleavage by ICE for biological activation. We therefore next examined the mRNA levels and spontaneous release of ICE in PBMCs from CAD patients before and after statin therapy. Although statin therapy significantly reduced IL-1, ICE tended to increase at both the mRNA (Pϭ0.1) and protein (Pϭ0.3) levels, suggesting that the downregulatory effects of statins on IL-1 do not involve suppressive effects on ICE. Finally, the soluble IL-1 receptors IL-1sRI and IL-1sRII may bind IL-1 and alter IL-1 effects in an inflammatory and an anti-inflammatory direction, respectively. 12 When analyzing the release of these receptors from PBMCs before and after atorvastatin therapy, only minor changes were seen in IL-1sRII levels (669Ϯ64 pg/mL before versus 640Ϯ50 pg/mL after therapy, Pϭ0.08). Secretion of IL-1sRI was not detected either before or after therapy. During statin therapy, there were no significant correlations between the reduction in total or LDL cholesterol and the changes in mRNA levels of IL-1␤ (array and RPA), IL-1␣, and IL-1Ra (RPA), or protein secretion of IL-1␤, whereas there was a weak correlation between the reduction in protein secretion of IL-1Ra and the decrease in total (Pϭ0.08) and LDL (Pϭ0.05) cholesterol.
Gene Expression of IL-1 and IL-1Ra in Stable and Unstable Angina
We next examined the gene expression of IL-1␣, IL-1␤, and IL-1Ra in PBMCs by RPA in another population with 20 stable angina patients, 20 unstable angina patients, and 15 healthy controls (cross-sectional study, see Methods). These experiments confirmed the expression pattern from the statin study showing elevated mRNA levels of IL-1␣, IL-1␤, and IL-1Ra in PBMCs from patients with stable CAD (Figure 3) . Furthermore, although IL-1Ra was equally expressed in stable and unstable angina, higher expression of IL-1␣ and IL-1␤ was seen in those with unstable disease, suggesting a net inflammatory dominance in these patients.
Effects of IL-1␤ and Atorvastatin on Proatherogenic Members of the TNF Superfamily in PBMCs
TNF-␣ and related cytokines have been implicated in atherogenesis, and in addition to IL-1␤, TNF-␣ was also identified in the microarray experiment as a gene that was upregulated in CAD and downregulated by statins. To further elucidate possible consequences of increased IL-1 levels in angina patients, and eventually modulating properties of atorvastatin on these IL-1-mediated effects, we next examined the ability of IL-1␤ and atorvastatin to modulate the expression of suggested proatherogenic members of the TNF super family (ie, TNF-␣, FasL, TRAIL, LIGHT, and CD40L) [13] [14] [15] in PBMCs. First, to screen for the effects of IL-1 on these cytokines, we examined their gene expression by real-time RT-PCR in freshly isolated PBMCs from 5 healthy blood donors. Compared with unstimulated cells, IL-1␤ (10 ng/mL) markedly enhanced mRNA levels of TNF-␣ (Ϸ5-fold) and LIGHT (Ϸ3-fold) after culturing for 6 hours. In contrast, IL-1␤ had only modest (FasL and TRAIL) or no (CD40L) effects on the other examined TNF superfamily ligands.
Second, to study whether this enhancing effect of IL-1␤ could be modulated by atorvastatin or ortho-hydroxy atorvastatin, we examined the protein levels of TNF-␣ and LIGHT in supernatants from cultured cryopreserved PBMCs (culture time, 20 hours) isolated from 4 statin-naive CAD patients and 4 healthy blood donors. Several interesting findings were revealed, showing similar patterns in the CAD patients and healthy controls (Figure 4 , A and B): (1) IL-1␤ (10 ng/mL) markedly upregulated TNF-␣ and LIGHT levels, confirming the findings at the gene level in the screening experiment; (2) preincubation with atorvastatin (1 and 10 mol/L) reduced the enhancing effect of IL-1␤ on TNF-␣ and, although less pronouncedly, LIGHT; and (3) incubation with atorvastatin alone resulted in a dose-dependent increase in TNF-␣ levels. Similar patterns with attenuating effect of the IL-1-mediated cytokine release and stimulating effects when given alone were seen for the biologically important metabolite orthohydroxy atorvastatin (data not shown).
To test whether the statin-mediated inhibition of the IL-1 effects in PBMCs was dependent on mevalonate depletion, we finally examined whether mevalonate could reverse the atorvastatin-mediated reduction of IL-1-stimulated cytokine production in freshly isolated PBMCs. Although coincubation with mevalonate (100 mol/L) before IL-1 stimulation nearly abolished the downregulatory effects of 1 mol/L atorvastatin on TNF-␣ and, although to a lesser extent, LIGHT expression, no such pattern was seen at 10 mol/L atorvastatin, suggesting dose-dependent mechanisms ( Figure  4, C and D) .
Discussion
IL-1 is the prototypic inflammatory cytokine, and in the present study, we report markedly raised levels of both IL-1 isotypes in CAD patients with particularly high levels in unstable disease. Importantly, in unstable angina, these high IL-1 levels were not accompanied by a corresponding increase in IL-1Ra, suggesting an inflammatory dominance. Although we have no data on IL-1 bioactivity, these findings suggest that IL-1 may represent a potential target for therapy in CAD and acute coronary syndromes.
The balance between proinflammatory and antiinflammatory cytokines is thought to be important for the development of several inflammatory disorders, including atherosclerosis and ACS. Thus, it has been shown that the marked rise in inflammatory cytokines during ACS is not accompanied by elevation of the anti-inflammatory cytokine IL-10. 16, 17 In the present study, we show a similar pattern in the balance between IL-1 and the naturally occurring antagonist IL-1Ra, with markedly increased mRNA levels of IL-1␣ and IL-1␤ in circulating mononuclear leukocytes in both stable and particularly in unstable angina, accompanied by only modestly increased IL-1Ra levels in the unstable patients. Hence, although IL-1 is highly inflammatory and potentially plaque-destabilizing, for example by inducing adhesion molecules, clotting factors, chemokines, and matrix metalloproteinases, IL1Ra may protect against those deleterious IL-1 effects. 2, 11 The findings in this study that IL-1␤ can stimulate the expression not only of TNF-␣ but also of LIGHT, a more recently described member of the TNF superfamily with potential proatherogenic properties, 13, 15 further suggest a role of IL-1 in atherogenesis and plaque destabilization. Agents that reduce the production and/or activity of IL-1 have a proposed clinical impact in various disorders, 2 and our results suggest that such a therapeutic approach may also be applied in CAD and ACS. Indeed, recent studies have shown that IL-1 deficiency decreases the severity of atherosclerosis in apolipoprotein E-deficient mice 3 and that overexpression of IL-1Ra may protect against ischemia-perfusion injury in rat cardiomyocytes, 18 further supporting such a notion.
A major finding in this study was the marked reduction in IL-1 in PBMCs after statin therapy, as shown at both the mRNA and the protein level, reaching levels comparable to those in healthy controls. The lack of a placebo group may limit the possible interpretations of these results. However, the vigorous downregulation of IL-1, which was seen in all but 3 patients, suggests that the decrease in IL-1 does not merely reflect variations by chance. Numerous previous studies have demonstrated anti-inflammatory effects of statins, 5, 6, 19 and our study extends these findings in several ways. First, although statin therapy suppressed IL-1 levels, the effect on IL-1Ra was more modest. Plasma levels of IL-1Ra have been reported to be elevated and correlated with impaired clinical outcome in patients with unstable angina, 20 possibly suggesting inflammatory rather than anti-inflammatory effects of IL-1Ra. However, although plasma concentrations of IL-1Ra may be a reliable marker of IL-1 activity, IL-1Ra at the cellular level, as reported in the present study, is thought to reflect its antiinflammatory capacity. Thus, we believe that when statins seem to have a more pronounced suppressive effect on IL-1 than on IL-1Ra in PBMCs, this will result in an overall anti-inflammatory effect. Moreover, the particular suppressive effect on IL-1 in the atorvastatin group suggests that the 2 treatment regimens may differ in their anti-inflammatory capacity because of drug-or dosedependent differences between the 2 regimens. The lack of correlation between cholesterol-lowering and the reduction in IL-1 levels suggest that the anti-inflammatory effect of statin may be at least partly unrelated to cholesterol lowering. Finally, our in vitro experiments suggest that statin therapy also may inhibit some inflammatory effects of IL-1, further underscoring the immunomodulatory potential of these drugs.
Whereas our statin study suggests an anti-inflammatory role of statins, the in vitro experiments revealed more diverse actions of these drugs. Thus, although atorvastatin and its biologically important metabolite ortho-hydroxy atorvastatin suppressed the IL-1-mediated induction of TNF-␣ and LIGHT in PBMCs, high dosages (10 mol/L) of these drugs increased the expression of TNF-␣ when given alone. This observation corresponds with a study by Kiener et al 21 demonstrating increased expression of inflammatory cytokines in monocytes after incubation with dosages of lipophilic statins Ͼ2.5 to 5 mol/L. The concentrations of statins in tissues during therapy is unknown but is probably Ͻ10 mol/L. 22 However, an in vivo-relevant enhanced cytokine induction by atorvastatin and other statins cannot be ruled out, at least at high dosages.
The findings in the present study suggest that IL-1 and related cytokines may represent targets for therapy in both stable and unstable CAD. The ability of statins to modulate this system in an anti-inflammatory direction further underscores their immunomodulatory potential. 
